Abstract. The predatory bug Orius sauteri (Poppius) (Hemiptera: Anthocoridae) is an important biological control agent in Asia that is often released on field crops and in greenhouses to control pests on vegetable and ornamental plants. This study compared the developmental and reproductive performance of O. sauteri on monotypic diets of four aphid species, western flower thrips, and twospotted spider mite. Thrips emerged as the optimal prey type, consistent with findings for many other Orius spp. A diet of Frankliniella occidentalis (Pergande) yielded the fastest development, largest adult body size, shortest pre-oviposition period, and highest fecundity and longevity. Tetranychus urticae (Koch) was the next most suitable prey by most performance measures. Among aphids, Myzus per sicae (Sulzer) was the most suitable and Aphis gossypii Glover the least suitable, with Aphis craccivora Koch and Megoura japonica (Matsumura) intermediate. Female O. sauteri were larger than males and female body mass varied more with prey type than did that of males. Despite the variation in performance among prey, all prey species yielded equally good juvenile survival and none would be expected to negatively impact the numerical response of O. sauteri in biological control applications where these arthropods form part of the prey complex.
INTRODUCTION
Flower bugs in the genus Orius (Hemiptera: Anthocoridae) are efficient predators of numerous arthropod pests and are widely reared for release in augmentation biological control programs in various agricultural and horticultural settings (Glenister, 1998; Paulitz, 2001; Arnó et al., 2008; Bosco et al., 2008; Chow et al., 2010; Wong & Frank, 2012) . Orius spp. consume a wide range of prey, including aphids, thrips and herbivorous mites, often supplementing their diet with vegetable material (Coll, 1998; Lattin, 1999) . As for most predators, the variety and quality of food consumed influences Orius spp. development, reproduction and overall biological performance (Kiman & Yeargan, 1985; Bush et al., 1993; Richard & Schmidt, 1996) . Consequently, diet composition is an important consideration in mass-reared cultures of these species.
Thrips (Thysanoptera) are cosmopolitan pests of many important agricultural plants (Stuart et al., 2011) and are preferred prey for many Orius spp. (Castañé et al., 2002; Salehi et al., 2011) . Flower bugs have proven efficacious biological control agents against many thrips species, including Frankliniella occidentalis (Pergande) (Blaeser et al., 2004; Chow et al., 2010) , Frankliniella bispinosa (Morgan) (Shirk et al., 2012) , Thrips palmi Karny (Kawai, 1995; Carvalho et al., 2011; Hemerik & Yano, 2011) and Scirtothrips dorsalis Hood (Dogramaci et al., 2011) . Many aphid species also represent acceptable prey. For example, cotton aphid, Aphis gossypii Glover, soybean aphid, Aphis glycines Matsumura, and peach aphid, Myzus persicae Sulzer, have all been recorded as prey of Orius insidiosus (Say) (Bush et al., 1993; Armer et al., 1998; Rutledge & O'Neil, 2005) . Both Macrosiphum euphorbiae (Thomas) and A. gossypii are suitable prey for Orius laevigatus (Fieber) and Orius majusculus (Reuter) (Alvarado et al., 1997) . Similarly, Orius similis will readily prey on Aphis fabae (Scopoli), A. gossypii, Acyrthosiphon pisum (Harris), M. persicae and Aphis pomi DeGeer, although these aphids vary considerably in suitability (Sengonca et al., 2008) . Herbivorous mites are also included in the natural diet of many Orius spp. and almost any life stage of mite may be consumed, including eggs (El-Basha et al., 2012) . For example, O. insidiosus has proven to be a key predator suppressing populations of red spider mite, Panonychus ulmi (Koch), in Indian apple orchards (Bhardwaj et al., 2010) and O. minutus contributes to control of Tetranychus ur ticae (Koch) on apple in Japan (Toyoshima & Osakabe 2005) . In laboratory feeding trials in Iran, O. minutus showed prey perference for, and better performance on, T. urticae compared to Thrips tabaci (Lindeman) (Fathi & Nouri-Ganbalani, 2009 ).
In China, the native flower bug Orius sauteri (Poppius) has been recorded preying on aphids, thrips, whiteflies, mites and the eggs of moths in a range of field crops, orchards and greenhouse vegetables (Yano, 1996; Guo et al., 2002) . Since its successful augmentation in agroecosystems (Wu et al., 2010) 10 per treatment, replicated five times) were established in 100 ml glass jars covered with nylon mesh (as above). Jars were each assigned to one of six monotypic prey treatments and supplied with ad libitum diets of each prey species and 10 fresh broad bean stems for oviposition, both renewed daily. Pairs were allowed 24 h to mate and then males were removed and held separately. Broad bean stems bearing eggs were removed daily from each replicate, held in separate jars (as above), and examined every six hours for nymphal eclosion. The preoviposition period was measured as the time from adult molt to first oviposition. The period of oviposition, lifetime fecundity (no. eggs), egg fertility (% eggs hatching) and longevity of males and females were all recorded. The intrinsic rate of natural increase, r m , was estimated for each prey type as:
where R 0 is the mean number of female progeny per female and T, the generation time.
Data analysis
Development and reproductive data were analyzed by one-way ANOVA (SPSS, 2007) and means were separated by the Bonferroni test (α = 0.05); percentages (e.g., egg fertility) were arcsine transformed prior to analysis. A two-way ANOVA was used to analyze data for adult body mass and longevity because males and females differed in these traits. Survival and emergence rates were analyzed using the χ 2 test.
RESULTS

Development and immature survival
Prey type affected the mean duration of O. sauteri nymphal development (F = 17.20; df = 5,24; P < 0.001; Fig. 1 ). Development was slowest on A. gossypii, followed by M. japonica and A. craccivora, and fastest on F. occidentalis, followed by T. urtica and M. persicae, the latter yielding similar values. The two-way ANOVA was significant overall for body mass (F = 10.63; df = 11,48; P < 0.001), with significant main effects of sex (F = 51.40; df = 1,48; P < 0.001) and prey type (F = 11.21; df = 5,48; P < 0.001) and without a significant sex*prey type interaction (F = 1.90; df = 5,48; P = 0.112). Females were heavier than males and female body mass appeared to vary more in response to prey type, but the largest adults of both sexes were obtained on F. occidentalis and the smallest on A. craccivora (Fig. 2) . The survival rate from first instar nymph to adult rearing procedures, alternative diets, and artificial oviposition substrates (Guo & Wan, 2001; Murai et al., 2001; Guo et al., 2002; Tan et al., 2010) . With these considerations in mind, we compared the relative suitability of six herbivorous arthropods as prey for O. sauteri. All candidate prey are naturally consumed by this species in field and greenhouse settings, so tests were designed to determine the most suitable prey for development and reproduction of O. sauteri in mass-reared cultures, and the consequences of consuming these prey for O. sauteri populations in biological control contexts.
MATERIAL AND METHODS
Insect colonies
All insects were reared in climate-controlled growth chambers (Sanyo ® , MH-351, Japan) set to 25 ± 1°C, 60-70% RH, and a photoperiod of 16L : 8D under white LED light with an illumination intensity of 2000 lux, conditions previously shown to be suitable for O. sauteri (Nagai & Yano, 1999) . A total of 451 O. sauteri adults (201 males and 250 females) were collected from an alfalfa field (40°14´N, 116°13´E) in Changping County, Beijing, China during late August and early September, 2011. The bugs were placed in plastic boxes (12.0 × 8.0 × 4.5 cm) covered with mesh nylon net, 20 per box and provided with a mixture of all six prey species ad libitum on excised pieces of their respective food plants, refreshed daily; broad beans stems (ca. 5.0 cm in length) were provided as an oviposition substrate. Aphis gos sypii was reared on cotton, Gossypium hirsutum L., M. persicae on tobacco, Nicotiana tobacum L., Aphis craccivora Koch and Megoura japonica (Matsumura) on broad bean, Vicia faba L., F. occidentalis on cucumber, Cucumus sativus L. and T. urticae on soybean, Glycine max (L.). The various prey species were reared on their respective food plants in aluminum frame cages (70.0 × 65.0 × 45.0 cm) covered with nylon mesh net. The O. sauteri colony was reared for 2-3 generations prior to use in experiments. All experiments were conducted in climate-controlled growth chambers (as above) under the same physical conditions as the stock colonies.
Development and immature survival
Bean stems bearing eggs of O. sauteri were collected and placed into plastic Petri dishes (9.0 cm diameter) and covered with mesh nylon to permit ventilation. Clear plastic Petri dishes (4.5 cm diameter) were prepared for experimental replicates by placing a moist filter paper (2.5 cm diameter) in the bottom of each dish to maintain 60-70% RH. Dishes were randomly assigned to one of six monotypic diet treatments (M. persicae, A. craccivora, M. japonica, A. gossypii, T. urticae, or F. occidenta lis) and each was provisioned with prey (all life stages) ad libitum on leaves of their respective plant. Newly hatched nymphs were then transferred to these dishes, 10 per dish, using a fine, camel hair brush. Each dish was then covered with a film of perforated Parafilm ® . All dishes were changed and prey refreshed daily until all bugs molted to adults. We recorded the total duration of nymphal development and weighed newly molted adults individually on an electronic balance (Mettler-Toledo ® , AL104, Greifensee, Switzerland, with precision 0.01 mg) to obtain their fresh mass. Nymphal survival rate (%) in each replicate was calculated as the no. adults emerged / no. first instar nymphs hatched. Five replications were conducted with each prey species.
Reproduction
Fourth instar nymphs were isolated from the stock colony and sexed once they molted to the adult stage. Individual pairs (n = 
Reproduction and longevity
The preoviposition period of mated O. sauteri females adult varied with prey type (F = 21.51; df = 5,24; P < 0.001); it was shortest on F. occidentalis and T. urticae and longer on the aphid species (Fig. 3) . The two-way ANOVA of longevity was significant overall (F = 45.02; df = 11,48; P < 0.001) with significant effects of both sex (F = 411.32; df = 1, 48; P < 0.001) and prey type (F = 59.73; df = 5,48; P < 0.01) and without a significant sex*prey type interaction (F = 0.35; df = 5,48; P = 0.883). Males lived longer than females and the longevity of both were greatest on thrips (Fig. 4) . Fecundity (F = 5.39; df = 5,24; P = 0.002; 
DISCUSSION
The present study reveals that the flower bug O. sauteri is an oligophagous predator capable of successful development and reproduction not only on thrips and mites, but also on a range of aphid species. Because pests vary in their seasonal activity within crops, the effectiveness of predators in biological control applications often hinges on their ability to utilize a range of different prey species for growth, development and reproduction. Prey specificity has often been emphasized as a desirable quality in candidate biocontrol agents, both because of the benefits of targeted impact on the pest and reduced risk of impact on non-target species (Hoy, 1999; Dixon, 2000) . However, the broad diet of generalist predators may enable them to maintain a more stable presence in agroecosystems by switching among prey types as these vary in abundance over time (Murdock et al., 1985; Chang & Kareiva, 1999) . Thus, an understanding of relative prey suitability is valuable when considering the role of any predator in biological control, whether for augmentative release or conservation. It is also information necessary for the optimization of mass-rearing protocols (Thompson & Hagen, 1999) .
In the present study, F. occidentalis emerged as the most suitable prey of those tested for all aspects of O. sauteri development and reproduction. Previously, Zhang et al. (2007) reported natural predation by O. sauteri on F. oc cidentalis in China, and Kohno & Kashio (1998) evaluated its consumption and successful development on this prey in the laboratory. Orius species have long been known to be Fig. 2 . Mean fresh mass at emergence of adult male and female O. sauteri (n = 50 individuals of each sex) reared on different prey species. Columns bearing the same letters were not significantly different within sexes (Bonferroni, α = 0.05); females were heavier than males in all cases (P < 0.05). efficient predators of thrips in various agricultural settings (Kawai, 1995; Castañé et al., 2002; Funderburk, 2008) . Outbreaks of F. occidentalis on roses, Rosa hybrida L., can be suppressed by releases of O. insidiosus and the bugs are compatible with predatory mites important for controlling spider mites (Chow et al., 2008 (Chow et al., , 2010 . Not only can O. laevigatus effectively control F. occidentalis on tomato, but the bugs' oviposition in plant tissues induces wound responses that increase plant resistance to the pest (De Puysseleyr et al., 2011) . In a greenhouse study on peppers, Weintraub et al. (2011) demonstrated that releases of the predatory mite Amblyseius swirskii Athias-Henriot simultaneously with O. laevigatus could provide similar levels of thrips control with lower release rates of bugs than when releasing only bugs, which are more expensive to produce. Even though flower bugs may exhibit preference for particular prey in the laboratory, their habitat use may correspond more to the overal productivity of a prey patch, than the relative suitability of the prey therein. For example, Venzon et al. (2002) observed that released O. laevigatus accumulated more on plants with high densities of spider mites than on plants with moderate densities of thrips, even though the latter are the preferred, and more suitable, prey species. Thus, flower bugs appear to be compatible with other predators in plantscapes where biological control of both mites and thrips is required.
Although O. sauteri performed best on a thrips diet, the two-spotted spider mite was a highly suitable prey for its development and reproduction, suggesting that this species has the potential to contribute significantly to spider mite control. Field studies have indicated that Orius species contribute efficacious control of native spider mites in Chinese fruit orchards (Bao & Gu, 1999) . Furthermore, although the various aphid species offered here were clearly suboptimal prey for O. sautieri, they were not unsuitable and still supported successful development and reproduction, suggesting that they could represent important alternative prey for bugs when mites and thrips are scarce. Whether they might contribute significantly to suppression of these aphid species will hinge on their willingness to consume aphids in the presence of preferable alternatives, something that was not explored in the present study. For example, O. sauteri is recognized as a significant predator of aphids in potato fields in Japan (Nakata, 1995) and O. insidiosus has emerged as a key source of mortality for soybean aphid, Aphis glycines Matsumura, in North American soybean fields despite its preference for thrips (Ragsdale et al., 2001; Rutledge & O'Neil, 2005) .
In northern China, thrips infesting greenhouse vegetables often coexist with the spider mites T. urticae and Tetranychus cinnabarinus (Boisduval) and aphids such as M. persicae, even though these pests vary widely in their spatial and temporal distribution in open fields. The ability of O. sauteri to successfully exploit all these species suggests it may be an ideal candidate for augmentation in greenhouse vegetable production, with the understanding that control of mites and aphids may occur only after thrips have been suppressed. Much effort to date has focused on applications of O. sauteri in greenhouse vegetables (Kajita, 1982; Kurogi et al., 1997; Nagai & Yano, 2000; Huo et al., 2011; Jiang et al., 2011) , but it may be a good prospect for augmentation in orchard ecosystems as well, since M. persicae and T. urticae represent two of the primary pests in orchard ecosystems in China. In summary, all six prey species tested supported successful O. sauteri development and reproduction, indicating that even the less suitable species could be significantly impacted by the flower bug, or serve as important alternative prey for maintaining predator populations within a crop when thrips are scarce.
